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RATIONAL ADVISORY C0M4ITTEE FOB AERONAUTICS 

TECHNICAL NOTE NO.  1232 

EFFECT OF EXHAUST PRESSURE ON THE PERFORMANCE 

OF AN 18-CYLINDER AIR-COOLED RADIAL ENGINE 

WITH A VALVE OVERLAP OF 62° 

By Leray V. Humble,  Tib->r F. Nagey 
and David G. Boman 

SUMMARY 

A dynamcmeter-stand Investigation vas conducted to determine 
the effect of exhaust pressure on the performance of an 18-cylinder 
air-cooled, radial ergJno equipped with a conventional exhaust col- 
lector ring. The investigation c iverod a range- of engine speeds 
from 1400 to 2600 rpra, inlet-manifold pressures from 30 to 50 inches 
of mercury absolute, fuel-air ratios of 0 063, 0.069, O.OUli,  and 
0.100, and svark settings of £0° and SS'-3 B.T.C. The exhaust prea- 
sure vo3 varied, in general, fruit aporox mateiy 6 Inches oi'  mercury 
absolute to ab_>ut 20 inches of mercury above the Inlot-manLfold 
pressure. 

At constant values of engine speed, irlet-manifold pressure, 
carburetor-air temperature, fuel-air ratio, and cooling-air pres- 
sure drop, an increase in exhaust pressure resulted in a decrease 
in power and charge-air flow and in an increase in inlet-manifold 
temperaturo and average cjllnder-head temperature. The exhaust-gas 
temperature reached a peak value at an exhaust pressure of about 0.6 
of the inlet manifold pressure. 

Comparison of the results of the present investigation with 
those previously obtained on a similar engine, which had a smaller 
nominal valve overlap (40°), shoved that the effect of exhaust pres- 
sure on engine power and charge-air flow was greater on the engine 
with 62° valve overlap. For example, at an eng'ne s^eed of 2000 rpm, 
an inlet-manifold pressure of 30 inches of mercury absolute, and a 
fuel-air rat o of 0.0Ü5, a change in the ratio of exhaust pressure 
to inlet-manifold pressure from 0.2 to l.G causfcd a 52-percent 
decrease in brake horsepower on the engine with 62° valve overlap 
and a 31-percent decrease on the engine with the 40° valve overlap. 
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IHTBODUCTION 

A research program was instituted at the NACA Cleveland labora- 
tory to determine the increase in power and efficiency obtainable by 
gearing an exhau3t-gaa turbine p.nd a coniireaaor to the crankshaft of 
a conventional aircraft engine. 

Aa the first phase of the progran,  a dymmcae tor-stand investi- 
gation Wf:n made on an le-cyll^-der,  air-cooled,   raiiil online with a 
40° valve cvorlap to determine tiii effect 01" exhaust pleasure on 
engine performance »nd cooling.    The results of this investigation 
ore re]jcrted in references ]  and v..    The  computed perfovaonco of a 
composite aj.'toa consisting or thin online with a turbine and a com- 
pressor mounted on a carmen shaft and snared to the crirjsshaft ia 
reported in reference 3, 

During the course of the foregoing Investigation, a newer model 
engine of the S:IIDO tyie, whicl; J'icorporatod aever.il changes including 
an increase in nominal valve overlap fron 40° t,<j 62°, became avail- 
able. Because the change in valve tiffing vra expected to influence 
the effect of exhaust pressure on engine performance, an investiga- 
tion similar to that reported in i-eforence 1 was conducted with the 
newer model engine. 

The investigation covered a range of engine  speeds,  inlet- 
manifold pressures, and fuel-air ratios.    The exhaust pressure was 
varied over a wide range with various combinations of these 
variables. 

Tho results are presented  In the form c;f curves ^hat shov the 
effect of oxiiauat pressure on eti/jine iiower,  charge-air flow, volu- 
isetric efficiency,   !nlet-n,anifo3d temperature,  cylinder-head temper- 
ature, and exhauot-(^B temperature .    Representative curves taken 
from reference 1 are included for comparison. 

INSTALLATION AfJD  IJBTHUMEM'ATIOIJ 

The B-ZQ00-E7,  IP.-':., linder, alr-:oolod,  radial engine used for 
this investigation haa :••  tnkfi-iJT r.-itin/< of :;i.00 brake horsepower 
at 2800 rpm and «1 normal r-s'.iiih of  1700 bralro horuopover at 2300 rpo. 
Pertinent specification:! for thl.: Mif.ino and for the B-2800-5 engine 
(reference 1) are given for cnjinrlHOii: 

,'JW:.   >•.      ,L^IJ.. JL   JJU'.I 
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B-2600-57 H-2800-5 
engine   eneine 

Bore, Inches 5.75 5.75 
Streu», inches 6.00 6.00 
Displacement, cubic inches   3804 2004 
Compression ratio 6.75 6.65 
Froiieller-reductJon-gear ratio 0.45:1 0.5:1 
Valve overlap, derf-eas 62 40 
Spark setting, degrees S.i'.C: 

Cruising advance   35 
Normal advance 20 25 

Blower-gear re.tlo: 
Low 7.2^:1 7.6:1 
Hisii »one 9.45:1 

Impeller diameter, lncbea 11.5 11.0 

The engine wxa equipped with en automatic two-poeitlon spnrk- 
advnnce unit, which was altorod ao that It could be locked In either 
of the two positions (20° or 3ft° B.T.C.). 

A photogi-aph ind a sketch of the setup are shown in figures 1 
and 2, respectively. The installation and instrumentation was essen- 
tially the sumo <aa described in reference 1. 

The exhaust collector ring was the asme ao that used in refer- 
ence 1 except that the original expansion Joints wore replace! by a 
sleeve-type expansion Joint enclosed in a gastight bellows. The 
collector ring was built In halves and connected to the laboratory 
altitude exhaust system through a Y-shaped section of pipe and a 
lange diameter 90° miter elbow. The engine exhaust pressure was 
measured by a static-pressure tap located whore the exhaust pii» 
was connected to the DO0 elbow. 

Exhaust-gae temperatures wero measured, as in reference 1, 
approximately 10 Indies downstre.-aa of the Jtaiction of the Y-shaped 
section with three quadruple-shielded chromel-alunol tiiermooouplos 
lTisaorsed to about 0.3 of the pipe diameter end spaced 120°. 

Tho cooling-air total pressure in front of the engine was 
measured ahead of cylinders 4, 10, and IP. Two shrouded total- 
pressure tubes were mounted on supports in front of each of tiio 
three cylinders: one at the same radial distance as the middle 
circumferential head fin and one at the same radial distance as 
the center of the cylinder barrel. The cooling-air inlet tempera- 
ture was measured by three thermocouples wired In parallel and 
mounted on the total-pressure-tube supports. 
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In reference 1, static pressure behind the heute via .measured 
with a tube on »ach rear-row cylinder and the static pro.-sure behind 
the barrels was ffieasured with three static-ireasure tubes mounted on 
supports behind the rear-row cylinders.    For the r.re?ent investiga- 
tion,  the static pi^ssure behind the heads vas raofiaured with open- 
end tubes placed ir. the sheltered region behind tl-.e Liff J.e curl on 
the inlet aide cf cylinders 1, 5,  9,  and 15 at. the 3?jre radial dis- 
tance as the cylinder-hoid tot".i-pre39ure tubes.    The 3t-:tic pressure 
behind the barrels w'-s slmiierly obt-iined on the «laae cylinders with 
tubes locr.ted at the Lion» radial distance as the cylii-öor-barrel 
total-pressure tubes. 

Cylinder-head tonpsratures were aeaaured er. ill cylinders with 
bayonet-typo therrcccouple? located in veils et the recr center of 
the cylinder heeds.    Tfcta thermocouple replaced the rear sjiari:-plug 
boss and gaalat thermocouples used l:i reference i.    barrel tenpera- 
turea were measured on all cylinders ' ith therrcccuplea that were 
peened into the muff at iho rear center rf the barrol. 

The tot-il pressure at the carburetor top deck was taken es the 
carburetor-inlet pressure and the carburetor-air tcjuerriture was 
taken »is the v&lua obtained with .'ix thermocouples connected ir. 
parallel and located in the ->Ir strean about 5 inches above the car- 
bureter top dect:.    The Inlet-manifold (blower-rim)  pressure was 
measured at a raan.ifcld-presnuro-gnge connection in the blower hous- 
ing.    The inlet-manifold (n.!.xt ire)  temperature  ir. th9  inlet pipes 
was obtained by averaging the temperatures measured with an 
unshielded thermocouple placed in the center of each inlet pipe 
approximately 4 inches from the port. 

PROCEDURE 

The investigation covered a range of engine 3peeds from 1400 
to 2600 rpm, inlet-manifold pressures from 30 to 50 inches of 
mercury absolute, and fuel-air ratios of 0.063, 0.0S9, 0,085, and 
0.100, Most cf the Investigation was made with the ncrnal spark 
setting of 20° 3.T.C.; acme data were obtained, however, r'.t low 
power with tl.» cruij.injj netting c-i" ?;in B.T.C. With each of  the 
foregoing variables hold esnstar.t, the exhaust pressure wa^ varied 
from ?.ppi-oxlnatoly 6 Inches of mercury absolute to abc-ut "C  inches 
of mercury :l>ovo the inlot-na.iu'old pressure, except during high 
manifold-pressure operation wliore instrument limitations occurred 
and in a few other cases whon engine operation became unstable or 
Incipient detonation occurred. 

< 
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For each aeries of rung, the cooling-air waanure drop was so 
adjusted that the maxima cylinder-barrel tenroeraturo w?.a Tretareen 
Z80O and 3000 y (th» corrsaT-oiiflliyj maximum Levl temperature was 
betveen :-"'!0u ind L17.-J0 F) with tho ex^aunt ;ire3suve it -\y-voxl- 
nately 28 inchor. of mercury ntsclute.    Oe cooling-air rro3S3iire 
drop naa theii nmintgjriei constant at this velue while tlie exiinuot 
pressure woo 7cr1od,    Sufficient tlrae wac allowed it each value of 
exh.vujt pressure fcr tho cylinder tempera t ire 3 to ret-ch oquJl.rsrllilli. 
The oil-in tein>.-oj-,.turf» WPO mnlitrsined at  i60° ±10° F. 

i*:- .1 

In racat C"son tho eiif'lne  sharje sir war; tp'.;on into the induc- 
tion syatüiD directly from tho atmor.r'iioi.-e;   In some  caaoo,   It wn3 
obtained frrjia the Vfuoivrt-ory hipli -pr^B3\u-o air supply.    Tho orarip 
air was furaishnd to the carburetor nt r> precnuro sufficient to 
ßive tho den'i-od Inlot-acr.'foli' '.ffoaTiro with full-opf. en£iriö 
throttlo,,  ti:o car'avroi or-inlet proBaura ba'.rifl; cciitrollod by aeana 
of a butterfly valve located iu tl^o oh-ii'^o-rli* pij« boiveon tho 
alr-aieaauring orifice and tlte carburetor.    All one .'.no data wore 
obtained with tho on^ina throttle in full-ojion position. 

HSSULTS AHD DISCUSSION 

'•-^;>3i;. 

The data are presented In a rnannor rimll-j to tliat of refer- 
ence 1;  rapreaont&tlve cr.rvou fron reference 1 are Included for 
comparison. 

Effect of exhaust •.iraaaura ou indicted power.  - The diufin- 
Bionleaa quantity    $    'i-jtlo ci' engine  indicated~i:.BjP. effective 
preasure to ermine iiilet-iou.iifoll presaxro)  ia used no a moaa.ire 
of indicated power (reference 4), 

The indicated netin effective procsiro (and :ier.co    ^) la defined 
to include the contributions of Til four 3trol:es of the cycle;     4 
was corrected tc 1 couatant i-ilot-Drui'J'old tompornture of rCQP R on 
the asBUEirtion th/tt Indicated ;>oifor varied inversely ••»& thr; rC:,.-o- 
lute inlet-iannifnid tMnpereture.    luo vnri'jtliii of the rr-tio    4 
with, tha ratio of engine exhr>ur-t prosoure to 'nlct-manifold pres- 
sure    Fe/Fm    *"or *i>'* various inlet-man-fold preatuu-as ia ahown in 
figure 5 for constant values of oii^ine si'-nod, fiioJ-a'r ratio,  T.id 
spark setting.    A3 in reference 1,  the Tiiots aro  :'idoj'Oridor.t of 
inlet-mar.lfold pressure for tiie r?nt?) oovered.    Tho effect of speed 
01»   4   la soall within the ran,?e .'nveatlf-.qted for speeds of 22C0 run 
and above. 

.••II     [ 1      1. _   L.   1.      1 1 1    ' - .Ijdl-'U"        . "*    •'*'.'•''     - -"'A 
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Faired OUXTM (taken from reference 1) showing the variation of 
4   vith Pe/rto for the engine with 40° valve overlap at a fuel-air 
ratio of 0.035 are included in figure 3(1)) for comparison. Although 
the curves for the two engines are for aliphtly different 3perk 
nettings, the differences between tbosa may be considered aa illus- 
trative of the affect of the different valve overlaps. For example, 
at on engine speed of 2000 rpra, iiicronelnf, Pe'l-fe from 0.2 to 1.6 
i'eaulto in a decrease in 4   of 42 and 2K porcent for the 52° and 
40° valve ovorlap3, respectively. 

Efi'ect of exhaust pressure on brake horaepewer. - The variation 
of brake horsopowei* with p07pn ?or  various engine speed3, inlet- 
manifold pressuroa, fuol-iir ratios, and for two spark settings is 
shown in figure 4. During tiio investigation, the carburetor-air tem- 
perature varied slightly from Sü0° R sod the brake horsopowor was 
corrected to 550° R on the assumption that the power varied inversely 
as the square root of tlic abaoli'.to carburetor-air temperature. The 
inlet-manifold temperature, as shown in a later soction, increases with 
exhaust, pressure for constant carburetor-air temperature. The brake 
horsepower shown in figure 4, which was corrected to a constant 
carburetor-air teni'ioraturc, thus includes the effect of the varying 
inlet-manifold temperature; whereas the curves of 4    ln figure 3, 
which were corrected to constant inlet-manifold temperature, do not. 

i 

The brake horsepower wan measured with the engine throttlo in 
the full-open position, the carburetor beiiiis supplied with air at a 
pressure sufficient to give the desired pressure at the inlot mani- 
fold.    The variation of the ratio of inlet-manifold pressure to full- 
throttle carburetor-inlet pressure    p^/Po   with engine speed ia 
shown in figure 5.    This faired curve, which is plotted for a 
enrburator-air temperature of 550° E, is included to facilitate the 
determination of    p0    for the various operating conditions.    The 
curvo is accurate to about ±1.5 percent for valuos of    Po/pj)    near 
1.0 and to about i2.5 percent over the range of    pe/pm    covered. 

Faired curves of brake horsepower meinst    Ve/Vai    obtained 
fron fifjure 4, are shown In ficuro 6 with similar curves (blower 
go-»r ratio, Y.6:l) from reference I for several engine speeds at a 
fuel-air ratio of 0.065 and :.llot-manifold pressures of 30 and 
40 inches of mercury absolute.    The effect of valve overlap is again 
evident.    At an engine gpood of 2000 rpa, and an inlet-me.nifold 
pressure of 30 inches of mercury absolute, a change in   Pe/pm   from 
0.2 to l.G causOB S2-and 31-percent decreasos in power for the 62° 
and 40° valve overlaps, respectively. 

i     \. 
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tm. 

The effect of exhaust pressure on' engine brako horaupover. can 
be generall'.rjd t,.  'iss of the dimension]ess quantity   a,    defined as 
the ratio of tho brake hjrsenower at any value of    PQ/P^   to iLe 
brake horsepower .it    Pu/pm = 1.0   for the same altitude,  ong-'no   • 
speed,  Inlet-manifold pressure, fuul-alr rat'o, and spark setting. 
The variation of   a   with    i-\/%   for constant undines speeds is 
shown In figure 7.    Each curve represents the best possible fairing 
for all the data obtained at that L-ngine speed. 

& 

Bffoot of exhaust jari-j^iTo on charp?;-air f]ow and vofunetric 
efficiency.   - The variation of chnrge-a r flow   Wc    with    ?,;,,/% 
for various engine speeds,   Inlet-manifold pressures, i'uel-alr 
T.atloa,  and fjr two spark settings   !s shown in f 'i^v'ro el     Hie 

. charge-air flow vaa correct-id tj -a carburetor-air tcir. or-vturo of, 
. 550° K by tho same method a3 Uio brnirr horsepower.    The figure 
"shows that charge-air fl^w doorcases with iicr.;i.::'n£    p./p^    in 
much the same way UJ pi-wt-r. 

Faired curves of charge-air flow against    Ve/rm   obtained 
from figure Ö are shawn in figure 9 with similar curves (blowor 
gear ratio,  7,6:1) from reference 1 for cov.iral dpiae apuods at 
a fuol-alr ratio of 0.035 and in] *t-manifold pi-essurus of 30 and, 
40 inches of mercury abajiutu.    In genera],  the en/jino w'th 62° 
valvo overlap h-.i1 a greater breathing caoscty than tie i-ngluo 
vlth 40° valve overlap when    Pj,/7^   wus leas than. l.J and a eaallur 
capacity when    ^/Pm   waa greater than 1.0. 

The vuli.uiii-.trJc efficiency  (dfini-d us Use rat*'» of the vol- 
ume of charge air taken  int:i tho online ;)Ci- eye'e at in Ut-manifold 
pressure and temperature to tho displacement volume of tho engine) 
is plotted against    P0/.

n
m   f'T cinstant engine speeds, in fifcUTj 10; 

curves from xxi'cronce 1 are Included ior collar: son.    T.u data 
obtained with the engine witii 62° overlap over the ran^v. of exhaust 
pressui'os at the various  Inlet-manifold pressures, fufi-alr ratios, 
and at two spark settings an. included in fip.aru 10 and ßooä corre- 
lation of th^ datn. is observed. 

From flfUiroo 5 and 8 the auxiliary suporcLarfer ;,-jw«.-r re-quired 
to sup-.'ly the ohasrf. air to the carburetor can be- a .ai!.!iLrd for any 
altltudo and online- condition.    This auxiliary supercharger jiowor 
must be subtracted from the measured brake horsepower to obtain the 
actual brake- horsopovrur because in this Investigation the carburetor 
air was supplied by the laboratory a r system at the pressure nocos- 
sary to give the desired inlet-manifold pressure. 

&^x-^: 
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Variation of power vlth oharge-alr flow. - The variation of 
indicated horsepower minus pumping horsepower (ihp - php), which 
represents the work of only the compression and expansion strokes of 
the cycle, with charge-air flow Wc is shown In figure 11. Sepa- 
rate plots are shown for each fuel-air ratio end spark setting, and 
each plot is keyed according to engine speed. The data obtained 
over the range of exhaust pressures at each lnlot-manifold pressure 
are included in the points shown for each engine speed. Fower and 
air flow wore corrected to a constant inlet-manifold temperature 
of 660° H. 

The correction of the data 13, in general, satisfactory. The 
scatter that occurs is probably mainly due to blow-through of charge 
during tho vnlvo overlap period at low exhaust pressures, to system- 
atic errors In the estimation of pumping power, which was baaed on 
a square indlcato1- onrd, and to small changes in combustion and 
cycle efficiency. 

Effect of exhaust pressure on inlet-manifold temperature. - The 
present investigation showed that, with constant carburetor-air tem- 
perature, engine speed, inlet-manifold pressure, and fuel-air ratio, 
the inlet-manifold temperature tended to increaso as the engine 
exhaust pressure was increased. This increase is illustreted in 
figure 12 where Tffi - Tc (lniet-menifold temperature minus 
carburetor-nir temperature) is plotted against Pg/pn for constant 
engine speeds and fuel-air ratios at a carburetor-air temperature 
of approximately r-50° R. The plots ire independent of inlet- 
aanlfolcl pressure and spark, settint:. The increase af Tu - T0 with 
Pe/Pjj is considerably mere pronounced at low than at high engine 
speeds, and when tho exhaust pressure In greater than about 0.8 of 
the inlet-manifold pressure. 

Exbaust-goa temperature. - Exhnust-gas temperature, as measured 
in the unlagged exhnust col lector, is plotted against pe/pni for 
the various engine operating conditions in figure 13. The moasurod 
temperature increased ns engine speed and inlet-manifold presaure 
Increased and ".3 tho fuel-air rnt.'o decronsed from 0.100 to 0.069; 
the temperature stayed substantiall;- i:onct.'int nn the fuel-:ilr ratio 
was further deiroasod to O.Or/S. A ciiarig» lti njxirk setting from 20° 
to 35° B.T.C. resulted in ri docrunsn in exhaust-gad temperature for 
otherwlco constant condition», /is would 1» oxoocted because of the 
improvement in the thonnal offiuloncy of tho engine. Tho ten;>era- 
ture reaches n.  peak value in tho region of Vt:/Vn    no-.r 0.0. Unpub- 
lished data obtained on the eng I mi of roforonco 1 indlc-ited that, 
with tho collector well law,ud, tho nxheuut—pn.3 tomporaturoc were 
about 250° F higher than with tho unl/if/god collector. 

i 
•HBT 
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Effect of exhaust pressure on cylinder-head temperature. - Tin» 
variation of fiylin'?er-head"töaperature with exliousit pressure ia 
obovn In figure 14 by plotting'the quantity    (Th - Tn)/(Th - i'a)i 
against    Pg/pm    for constant iulet-manlfold pressures, engine speeds, 
and fuel-air ratios.    The coolii]g-air pressure drop icross tlio cyl- 
inder !;eada W33 very nearly constant for each set  of variable 
exhaust-pressure runs and the average valves are listed ia the fig- 
ure.    The quantity    (?h  - TR)     is  the difference between tho average 
cylinder-head temperature and tl-.e cooking-air inlet temperature: 
(Th - Tp.)^    ia the vori'espondin^ value at    Pg/pu, = 1.0,    The quan- 
tity    (Th " ^a)/(Th * Ta)l    increases vith increasing    Ve/Pa    Respite 
the consistent decrease in power level ahown in figure 3. 

SUMMARY OF HEilJLTS 

The results of a dynamometer-stand investigation conducted with 
an engine with 62° valve overlap (K-2300-57 (C-series)) over a rang» 
of engine speeds from 1400 to 2~00 rpm,  inlet-manifold pressures 
from 30 to E0 inches of mercury absolute, exhaust pressures from 
about 6 inches of mernury absolute to epuroxlmatel;,' 20 Inches of 
mercury above the lnlet-manifcld pressure, fuel-air ratios of 0.063, 
0,069,  0.085,  and 0.100,  ?.nd spirk settings of £0° and 35° B-T.C. 
may be summarized as follows: 

Pk 

1.  At  constant values of enrlne  ax«od,   inlet-manifold pressure, 
carburetor-air tomporaturo, fuel-air rntJo,  and coollnc-air pres- 
sure drop: 

(a) Engine power and charge-air flow decreased as the exhaust 
pressure incronsod. 

(b) Inlet-manifold temperature increased with exhaust pressure. 
The effoct wan more pronounced at low than at high engine speeds 
and at exhaust pressures greater than about 0.8 of the inlet- 
manifold pressuro. 

(c) Average cylinder-head temperature Increased with exhaust 
preasure. 

(d) Exhaust-gao temperature reached a peak value at an exhaust 
preasiu-o of about 0,9 of the inlet-manifold pressure.    In general, 
the oxhaust-g;\a temperature  increased as engino apeed and inlat- 
manii'old pressure  increased and ns the fuel-air ratio decreased from 
0.100 to 0.069;   it stayed aubstantinlly constant as the fuel-air 
ratio was further reduced to 0.063. 

& 
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2. The offoot of exhaust pressure on engine power and charge- 
air flow was greater on the engine with 62° valve overlap than on a 
similar engine with 40° valve overlap. 

Aircraft Engine Research Laboratory, 
National Advisor;,- C^mnittoc for Aeronautics, 

Cleveland, Ohio, January 2,  1947. 
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Figure   I.   -   Dynamometer   stand   setup   for    18-eylinder,    air- 
cooled,    radial   engine  with  62°   valve  overlap. 
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